Mutually exclusive (ME) splicing is a strictly regulated form of alternative splicing in which only one exon from an array of two or more variants appears in the mature mRNA. ME exons originate from exon duplication events and encode interchangeable peptide segments that can modulate protein function (Letunic et al., 2002). Although selection of individual ME exons can be regulated according to the cell type and developmental stage, one feature of their splicing seems to be constitutive-the absence of transcripts containing more than one ME exon. This requirement can be rationalized by the likely disruptive impact upon protein structure and function of the duplication of peptide segments. Consequently, in addition to the major question that preoccupies investigators of alternative splicing mechanisms-how are different splicing patterns regulated by cell type, developmental stage, or signaling pathways-ME splicing poses the particular question: what prevents ME exons from being spliced to each other? The study by Graveley (2005) in this issue of Cell takes on this question in the most challenging known system: an array of 48 ME exons in the Drosophila Dscam gene.
Two mechanisms have previously been proposed to explain why ME exon pairs are physically incapable of being spliced to each other. The first is steric interference between splice sites. Minimal spacing requirements-around 50 nucleotides (nt) for mammalian introns-are necessary between the 5# splice site and the branch point (one of the 3# splice site-associated consensus sequences). Below this threshold distance, U1 and U2 snRNPs cannot bind productively to the 5# splice site and the branch point. The two ME exons remain free to become spliced to the flanking constitutive exons but not to their mutually exclusive partner (see Figure 1A) . This occurs between α-tropomyosin exons 2 and 3 (Smith and Nadal-Ginard, 1989). At 215 nt, the intron is at first sight above the minimum size, but the exon 3 branch point is only 41 nt from the 5# splice site of exon 2, and the intron is effectively too small. Genomic sequence analysis can be used to identify other ME exons where steric intereference probably operates (e.g., exons 6 and 7 of the human Scn5A gene), and a similar arrangement exists between two α-actinin exons, although here the constraint is not absolute and double exon inclusion can occur.
The second proposed mechanism is spliceosome incompatibility (Letunic et al., 2002) . In addition to the major spliceosome, cells have a minor spliceosome in which the small nuclear ribonucleoproteins (snRNPs) U1 and U2 are replaced by U11 and U12. "U1/U2" and "U11/U12" splice sites have distinct consensus sequences and are incompatible, so an intron with a U1 5# splice site and a U12 3# splice site cannot be spliced. Exons 6 and 7 of the JNK1 gene have U1/U2 introns on the upstream side and U11/U12 introns on the downstream side (see Figure 1B) (Letunic et al., 2002) . Spliceosomal incompatibility prevents not only splicing together of the ME exons but also exon skipping of both ( Figure 1B ). This appealing mechanism would be readily applicable to large arrays of multiple ME exons. In practice, the relative scarcity of U11/U12 introns may make this a rather specialized mechanism.
Some ME exon pairs do not have a mechanism that absolutely prohibits their splicing together. This can be shown by their ability to become spliced to each other when flanking exons are removed from minigene constructs. In these cases, regulated selection of the individual exons may be sufficiently coordinated to minimize inappropriate splicing without the need for an absolute physical impediment to double-exon inclusion (see Figure 1C) Graveley (2005) compared the sequences of the Dscam gene from 16 insect species. He discovered two types of conserved intronic sequence. The first, referred to as the "docking sequence", is a highly conserved 36 nt element located w250 nt upstream of exon 6.1. The second type, "selector sequences," precede each of the 48 exon 6 variants. Although more variable than the docker sequence, a consensus compilation of selector sequences shows striking complementarity to the docking sequence over a stretch of w27 nt. Indeed, every selector sequence can potentially form a distinct base-pairing interaction with part of the docker, and these base-pairing interactions are all mutually exclusive. The ME secondary structures immediately start to suggest models for how only one exon among 48 is selected (see Figure1D).
Graveley's (2005) model is based on additional unpublished data from an RNAi screen of splicing regulators (Park et al., 2004) . Knockdown of one RNA binding protein leads to the inclusion of multiple Dscam exon 6 variants, showing that they do not face an absolute impediment to being spliced together, and further suggesting that the protein acts as a repressor. The model, combining both sets of observations, is that the repressor acts constitutively to inhibit all exon 6 variants, but that base pairing of the docker with a selector activates the adjacent downstream exon. Given that only one selector can base pair with the docker in a single premRNA, only one exon will be activated, thereby explaining the strict ME behavior.
Secondary structures have been proposed to explain various aspects of alternative splicing (Buratti and Baralle, 2004), but not all models survive experimental scrutiny. However, in this case, the honeybee, Apis mellifera, flies to the rescue with compelling evidence pointing to the importance of the docker:selector structures. The honeybee has two U-to-C substitutions within the otherwise invariant docker core. Tellingly, both Cs are predicted to form G-C pairs with multiple selector sequences, whereas in other species, U-A base pairs are predicted. Although covariation indicates the importance of the structures, it does not identify their function. This will require testing the effects of structure-modifying and compensatory structure-restoring mutations upon splicing. There are significant technical obstacles to carrying out such experiments with the Dscam exon 6 array, but these are not insurmount-able and the results will surely provide further intriguing insights.
Already, it is clear that the Dscam exon 6 array uses a new mechanism to achieve ME splicing. Rather than resulting from an absolute physical impediment to splicing, ME behavior appears to arise as an intrinsic consequence of the regulatory mechanism used to select individual exons. How the docker:selector structure might lead to derepression is one of many open questions. The docker:selector duplex might bind to an activator that antagonizes the repressor. Alternatively, the single-stranded selectors might be intron-splicing silencers to which the repressor binds. These possibilities would be distinguished by the effects of selector mutation. A particularly puzzling feature of the model is how docker-selector pairing is regulated. The exon 6.1 selector is only 120 bases downstream of the docker, whereas that of 6.48 is over 11 kb distant. If dockerselector pairing were dictated on a cotranscriptional "first-come, first-served" basis (Eperon et al., 1988), there would be an overwhelming preference for selection of the 5# proximal exon 6 variants, but this is not observed. Neither does the predicted thermodynamic stability of selector:docker pairs correlate with the frequency of selection of the associated exons. Both observations strongly suggest that selector:docker pairing must be regulated, although the manner of such regulation remains to be elucidated. Open questions notwithstanding, the docker-selector model is so immediately attractive that it seems surprising that it does not obviously apply to any of the other arrays of Drosophila ME exons, not even in Dscam. Perhaps the power of persistent staring and luck (see Experimental Procedures in Graveley, 2005) will unlock their secrets and possibly reveal some general mechanistic principles underlying this complex form of alternative splicing.
